Rhodopsin is the prototypical G protein-coupled receptor, responsible for detection of dim light in vision. Upon absorption of a photon, rhodopsin undergoes structural changes, characterised by distinct photointermediates. Currently, only the ground-state structure has been described. We have determined a density map of a photostationary state highly enriched in metarhodopsin I, to a resolution of 5.5 Å in the membrane plane, by electron crystallography. The map shows density for helix 8, the cytoplasmic loops, the extracellular plug, all tryptophan residues, an ordered cholesterol molecule and the bionone ring. Comparison of this map with X-ray structures of the ground state reveals that metarhodopsin I formation does not involve large rigid-body movements of helices, but there is a rearrangement close to the bend of helix 6, at the level of the retinal chromophore. There is no gradual build-up of the large conformational change known to accompany metarhodopsin II formation. The protein remains in a conformation similar to that of the ground state until late in the photobleaching process.
Introduction
Rhodopsin is the dim-light photoreceptor, and is a prototypical member of the G protein-coupled receptor (GPCR) family (Bockaert and Pin, 1999) . It consists of a 348-amino-acid protein, opsin, which binds the chromophore 11-cis-retinal via a protonated Schiff base linkage to Lys296, giving the ground state of the protein an absorption maximum at 498 nm (Menon et al, 2001 ). Absorption of a photon by 11-cis-retinal triggers its isomerisation to the all-trans form, converting light energy into atomic motion (Wald, 1968) . Rhodopsin then thermally relaxes through a series of distinct photointermediates, each with characteristic UV/visible absorption maxima (l max ). The early photointermediates include bathorhodopsin (batho, l max ¼ 543 nm), a blue-shifted intermediate (BSI) and lumirhodopsin (lumi, l max ¼ 497 nm) ). An equilibrium is formed between the later photointermediates, metarhodopsin I (meta I, l max ¼ 480 nm) and metarhodopsin II (meta II, l max ¼ 380 nm). Meta II corresponds to the fully activated receptor, which binds to and activates the heterotrimeric G protein transducin (Menon et al, 2001) . Several isochromic metarhodopsin intermediates have been proposed, including meta I 380 , an early intermediate with a deprotonated Schiff base (Thorgeirsson et al, 1992) , and sequential meta II species separated by proton uptake, called meta II a and meta II b (Arnis and Hofmann, 1993) .
To date, rhodopsin is the only GPCR amenable to direct structural analysis. The first 3D density maps of rhodopsin were obtained by electron crystallography of two-dimensional (2D) crystals of bovine (Unger and Schertler, 1995) and frog rhodopsin , revealing the arrangement of the transmembrane helices. This information was combined with structural constraints obtained by amino-acid sequence analysis of several hundred GPCRs to build a model for the Ca backbone of the rhodopsin family of GPCRs . The ground state of rhodopsin has been solved at high resolution by X-ray crystallography from 3D crystals with a P4 1 space group (Palczewski et al, 2000; Teller et al, 2001; Okada et al, 2002) , and a P3 1 space group (Li et al, in press ). Overall, the structures agree well. There are, however, differences at the cytoplasmic surface, where G protein binding and activation occur: in the P3 1 crystal form, helix 5 is longer, and the cytoplasmic loops between helices 5 and 6 and helices 3 and 4 adopt a different position.
To understand the molecular details of visual transduction and GPCR activation, we need to study the structure of photoactivated states of rhodopsin. Our attempts to look at photoactivated states in 3D crystals have so far proved unsuccessful, with diffraction markedly decreasing following exposure to light, which suggests a large conformational change. However, a 3D structure of the ground state of bovine rhodopsin has been obtained by electron crystallography of 2D crystals with a p22 1 2 1 plane-group symmetry (Krebs et al, 2003) . We have therefore used UV/visible and Fourier transform infrared (FTIR) difference spectroscopy (Vogel et al, 2004) to characterise the photointermediates formed in similar 2D crystals. Rhodopsin forms photointermediates up to meta I within 2D crystals. We have focused on studying the later photointermediate, meta I, by freeze-trapping and electron cryomicroscopy. Meta I is difficult to trap in the presence of most detergents, and FTIR difference spectroscopy has shown that meta I conformations in detergent solution differ from those in a more native, lipid environment (Beck et al, 1998) . 2D crystals, in which rhodopsin molecules are arranged in a monolayer and retain some lipid molecules, therefore offer an attractive opportunity for structural studies of meta I in a native environment.
There is currently some controversy about the nature of the conformational change accompanying formation of meta I. Meta I can form at À401C (Yoshizawa and Wald, 1963) , and at temperatures below the phase transition temperature of the surrounding lipids (Baldwin and Hubbell, 1985) . Limited proteolysis of rhodopsin indicated little change to the cytoplasmic surface at meta I, but a measurable change at meta II (Kü hn et al, 1982) . High pressure drives the meta I-meta II equilibrium towards meta I, suggesting that meta I is more compact than meta II (Lamola et al, 1974) . Electron paramagnetic resonance spectroscopy also indicated little change to the cytoplasmic region of rhodopsin following meta I formation (Resek et al, 1993) . The conformational changes were therefore thought to be small, principally confined to the chromophore and its binding pocket. However, photoaffinity labelling studies have suggested that photoisomerisation of rhodopsin involves significant movement of helices 3 and 4, coupled with movement of the chromophore out of the binding pocket and conformational changes to cytoplasmic loops 2 and 3, by the stages of lumi and meta I (Borhan et al, 2000) . In addition, preresonance Raman vibrational studies of the Glu181Gln mutant of rhodopsin have indicated that there is a switch in the counterion of the Schiff base from Glu113 in the ground state to Glu181 in meta I (Yan et al, 2003) . The switch is proposed to occur via transfer of a proton from Glu181 to Glu113 via a hydrogen-bonding network, accompanied by modest conformational changes involving extracellular loop 2 and helix 3 (Yan et al, 2003) .
The density map from this study reveals that meta I formation does not involve large rigid-body movements or rotations of rhodopsin's helices. Instead, conformational changes are localised around the chromophore binding pocket, close to kinks in the helices observed in the X-ray structures. The structure of the photostationary state has been calculated from new amplitudes and phases that are independent of any previous structural study of rhodopsin. Since meta I formation does not involve large conformational changes, the new map allows more detailed interpretation of differences in the X-ray structures of the ground state. Significantly, the map shows that there is no gradual build-up of the large conformational change known to accompany meta II formation. The protein adopts a conformation similar to the ground state until late in the photobleaching process.
Results and discussion
Characterisation of rhodopsin photointermediates in 2D crystals 2D crystals of bovine rhodopsin with p22 1 2 1 plane-group symmetry were obtained by dialysis of detergent-solubilised rhodopsin isolated from bovine rod outer segment membranes (Krebs et al, 1998 (Krebs et al, , 2003 . Addition of cholesterol prior to dialysis increases the yield of rhodopsin crystals, allowing the preparation of 5-10 mg amounts of 2D crystals with minimal protein aggregates for spectroscopic characterisation (Mielke et al, 2002b) .
We used UV/visible spectroscopy to follow the formation of rhodopsin photointermediates. Illuminated 2D crystals contained a mixture of meta I (absorbing at 480 nm) and a species absorbing at 380 nm, the proportion of which could be varied by adjusting the temperature and pH ( Figure 1A and B). Lower temperatures favoured formation of meta I, as observed for rhodopsin in native membranes (Matthews et al, 1963) . The 2D crystals showed an inverted pH dependency compared to native membranes (Matthews et al, 1963) , with higher pH favouring formation of a species absorbing at 380 nm. At pH 7, we could use temperature alone to accumulate either of these species.
The trapping of meta I is described in Materials and methods and Figure 1C . A spectrum of the crystals recorded before illumination shows an absorption peak at 498 nm, characteristic of the ground state ( Figure 1C, black line) . Spectra recorded immediately after illumination show a shift in the absorption maximum to 480 nm, characteristic of meta I formation ( Figure 1C , red line). Four cryoelectron microscopy grids were prepared from aliquots taken from the photometer cell, thus freeze-trapping meta I for subsequent structural studies. Preparation and manipulation of four grids typically took 20-30 min, after which a spectrum was recorded, to check that the sample had not changed significantly ( Figure 1C , blue line). The sample was then acid denatured, and a further spectrum was recorded ( Figure 1C , green line). The shift in absorption maximum to 470 nm, and absence of a peak at 380 nm, indicates that the retinal chromophore is still attached to the protein by a protonated Schiff base linkage (Kito et al, 1968) . Control experiments showed that the red-shift in absorption maximum of the aciddenatured rhodopsin from 440 nm is due to the low temperatures used for spectroscopy (data not shown).
We adopted a similar protocol for trapping the species absorbing at 380 nm, working at 451C ( Figure 1D ). This temperature ensured that no residual 480 nm species was present after illumination. The broader absorption maximum after acid denaturation ( Figure 1D , green line), indicating free retinal (which absorbs at 380 nm) plus residual protonated Schiff base, and the inverted pH dependency made us doubt that this species corresponded to meta II.
We further characterised rhodopsin photoproducts formed in 2D crystals by FTIR difference spectroscopy (Vogel et al, 2004) . This showed that batho, lumi and meta I photointermediates formed in 2D crystals are very similar to those obtained from rhodopsin in native disk membranes, despite the transition from lumi to meta I being shifted to a higher temperature in the 2D crystal (Vogel et al, 2004) . Meta I formed in 2D crystals, under conditions used in the freezetrapping protocol, shows very similar FTIR difference spectra to that formed in native membranes ( Figure 1E ). Characteristic meta I marker bands include the positive amide I band at 1665 cm À1 and the hydrogen-out-of-plane (HOOP) difference band at À969/ þ 950 cm
À1
. The positive band at 1203 cm À1 is characteristic of a protonated Schiff base. At room temperature, formation of meta II is blocked in 2D crystals, and an intermediate state is formed that has a protonated Schiff base and lacks an ability to activate transducin (Vogel et al, 2004) . The 380 nm species formed at 451C and observed by UV/visible spectroscopy lacks characteristic meta II marker bands, as shown by reduced intensities of the positive band at 1747 cm À1 and of the meta II amide band at 1644 cm À1 (Vogel et al, 2004) . Instead, this species represents a non-native state, showing some spectral similarity to an alkaline denatured state obtained in disk membranes at 301C, pH 9 (Vogel and Siebert, 2002 ) ( Figure 1F ). Further UV/visible spectroscopy experiments showed that the photostationary state consisted of 60-70% meta I and 30-40% of cis photoproducts (see Materials and methods). The high meta I content in the 2D crystals, and its similarity to native meta I, made this an ideal photointermediate to characterise structurally.
Electron microscopy and image processing
Images of 2D crystals of the photostationary state were recorded at liquid nitrogen temperatures using a field emission gun electron microscope operating at 300 kV. We were especially interested in collecting good data from tilted specimens, to give good resolution perpendicular to the membrane plane. Poor vertical resolution can be due to lack of specimen flatness (Butt et al, 1991) . For this reason, 2D crystals were prepared on molybdenum grids (Vonck, 2000) , the carbon support film was prepared by multiple steps of carbon evaporation (Butt et al, 1991; Fujiyoshi, 1998) , and images were recorded using the spot-scan technique (Bullough and Henderson, 1987) . This allowed us to collect data at 45 and The dark spectrum of rhodopsin 2D crystals was recorded in dialysis buffer at 201C, pH 7.0. Spectra were then recorded after illuminating 2D crystals in the same buffer at the given temperature. (B) pH dependency. The dark spectrum was recorded in dialysis buffer at 301C, pH 7.0. Spectra were then recorded after illumination of the sample in dialysis buffer at 301C and a given pH. (C) Protocol for trapping meta I in 2D crystals. A suspension of 2D crystals was incubated on ice, and its spectrum was recorded at 1-21C (black line). The crystals were illuminated on ice for 1 min with light filtered to contain only wavelengths greater than 515 nm. The absorption maximum shifts to 480 nm following illumination, corresponding to the formation of meta I (red line). Four cryoelectron microscopy grids were then prepared. A further spectrum was recorded (blue line). Finally, sulphuric acid was added to the photometer cell until the pH was between 1.0 and 3.0 (green line). (D) Formation of a species absorbing at 380 nm in 2D crystals. A suspension of 2D crystals was incubated at 451C, and its spectrum was recorded at 451C. The crystals were illuminated for 1 min with light filtered to contain only wavelengths greater than 515 nm. Spectroscopy reveals a shift in the absorption maximum to 380 nm following illumination. Several characteristics of this photointermediate led us to conclude that it does not correspond to meta II. (E, F) FTIR difference spectroscopy of rhodopsin in 2D crystals compared to rhodopsin in its native (disk) membrane. The absorbance change is shown at the same scale in both spectra. (E) FTIR difference spectra of meta I. The spectrum for the 2D crystals was obtained in 200 mM MES and 200 mM NaCl at 31C, pH 7, from the same batch of crystals used in the structure determination. The spectrum for rhodopsin in disk membranes was obtained at 101C, pH 8.5 (see Vogel et al, 2004 for a corresponding UV/visible spectrum). (F) FTIR difference spectra of species absorbing at 380 nm. The spectrum for the 2D crystals was obtained at 451C, pH 7. The spectrum for rhodopsin in disk membranes was obtained at 201C, pH 5, conditions that produce meta II in the membrane (see Vogel et al, 2004 for a corresponding UV/visible spectrum). 601 specimen tilts. Furthermore, the program TTBOXK was used to correct for the gradient of defocus across tilted images and read-out amplitudes and phases (Henderson et al, 1990) . For many images, this led to an increase in the number of spots and spot quality compared to processing with MMBOXA (Henderson et al, 1986) . Figure 2 shows representative lattice lines fitted to the experimentally determined amplitude and phase data. The density map was calculated to 5.5 Å resolution using a 0.005 Å À1 sampling of the lattice lines. Table I summarises electron crystallographic statistics from the structure determination.
Three-dimensional density map of the photostationary state Figure 3A and B shows two rhodopsin molecules within the electron density map of the photostationary state. This map is a weighted average of the structures of meta I and some residual isorhodopsin and ground state, but meta I predominates (60-70%). The density map reveals all seven transmembrane helices in the meta I state. For the first time in a density map of rhodopsin determined by electron cryomicroscopy, there is clear continuous density for helix 8, which lies parallel to the membrane plane. There is also density for the extracellular plug and for the cytoplasmic loops, including continuous density for cytoplasmic loop 2, which connects helices 3 and 4. These features are the most difficult to resolve by electron crystallography, and indicate the quality of data used to determine the map. There is also density for at least the first N-acetyl glucosamine group in the oligosaccharides attached to Asn2 and Asn15. Figure 5A -C shows slices through the electron density map of a single molecule. The density map is a significant improvement on the density map of the ground state of rhodopsin determined by electron cryomicroscopy (Krebs et al, 2003) , which lacks strong density for helix 5 and also density for helix 8, cytoplasmic loops and the extracellular plug. While it is possible that these differences reflect conformational changes accompanying meta I formation, it is more likely that they are due to better quality image data being used in the calculation of the meta I map. The higher quality of data is attributable to improvements in the 2D crystallisation procedure (Mielke et al, 2002b) and in image processing, and data collection on a later generation electron microscope operating at a higher accelerating voltage. Since so many features are well resolved in the density map, we have fitted the coordinates of the X-ray structure of rhodopsin in its ground state (Li et al, in press; PDB code 1GZM) to the map by hand, followed by real-space refinement in the program O (Jones et al, 1991) , treating the entire ground-state structure as a rigid body. The Ca trace of the ground-state structure fitted to the density map is shown in Figures 3-7 .
Arrangement of molecules within the crystal
Two of the four rhodopsin molecules within the unit cell show the same orientation in the membrane, and are involved in close crystal contacts, forming a dimer (Figure 3 ). Dimer formation is mediated partly by interactions between helix 1 in the two molecules ( Figure 3B ), although the high crossing angle of these helices would make this interaction relatively weak. There is also a close interaction between helix 8 in both molecules, which lie parallel to each other ( Figure 3A ). This dimeric arrangement of rhodopsin monomers has been seen in several other 2D crystals of rhodopsin-p222 1 crystals of bovine rhodopsin (Schertler et al, 1993) , and p2 and p22 1 2 1 crystals of frog rhodopsin (Schertler and Hargrave, 1995) -indicating that interactions between helices 1 and 8 on two rhodopsin molecules are sufficiently strong to promote formation of this dimer under a range of different crystallisation conditions. We detect a strong density feature in a pocket between those molecules that lie along the in-plane two-fold screw axes. This lies near the extracellular side of helices 6 and 7 of The maps were analysed, and the coordinates of the ground state of rhodopsin determined by X-ray crystallography (Li et al, in press) were modelled into the density by manual fitting followed by real-space rigid-body refinement implemented in the program O (Jones et al, 1991) . The white ellipse shows the point-spread function of the data set, which is used to determine the vertical resolution of the density map (Henderson et al, 1990; Unger and Schertler, 1995) . one molecule and the intracellular side of helix 4 of the adjacent molecule. A possible candidate for this density is cholesterol. Cholesterol helps to improve the reliability and yield of crystallisation. It is therefore reasonable to expect a cholesterol molecule to bind tightly to a specific molecular interface, so that it would be relatively well ordered and present in high occupancy. In the density map, we see features for tryptophans (see below and Figure 6 ), which have bicyclic fused ring systems, and would expect to be able to detect the tetracyclic fused ring system of cholesterol. The density feature is too bulky to be an ordered phospholipid molecule. A cholesterol molecule (minus its hydrocarbon side chain) can be fitted into the density feature ( Figure 4A and B). It is oriented with its tetracyclic fused ring system oriented normal to the plane of the crystal, which would be equivalent to an orientation normal to a membrane bilayer. This orientation, and the distance of the cholesterol hydroxyl group from the bilayer centre, are very similar to those determined by X-ray and neutron scattering from artificial lipid bilayers and native membranes (Caspar and Kirschner, 1971; Franks and Lieb, 1979) . The hydroxyl group of the cholesterol is modelled pointing towards the extracellular side, and is located near polar protein residues and where the phospholipid headgroups would be. One face of the cholesterol ring system is exposed to interact with lipids present in the 2D crystal, which are less ordered and no density is visible for them in the map at this resolution.
Why is meta II formation inhibited in 2D crystals?
There are two possible reasons for inhibition of meta II formation: crystallographic packing or the lipid environment. Meta II formation is thought to involve a rigid-body movement of helix 6 (Hubbell et al, 2003) . In the p22 1 2 1 2D crystals, helix 6 of one molecule interacts with helices 4 and 5 of a neighbouring molecule. These close crystal contacts may prevent meta II formation. In addition, meta II formation in membranes is dependent on the lipid environment, with the meta I-meta II equilibrium shifting towards meta I when rhodopsin is reconstituted into liposomes containing increasing amounts of lipids with saturated fatty acyl chains or of cholesterol (Mitchell et al, 1990 (Mitchell et al, , 1992 . We have checked that crystals grown without addition of cholesterol do not allow meta II formation, both by UV/visible spectroscopy (data not shown) and FTIR difference spectroscopy (Vogel et al, 2004 ). However, it is possible that the delipidating chromatography steps used to purify rhodopsin before dialysis strip away some of the highly unsaturated lipids that are essential for meta II formation.
Comparison between the density map and the ground-state X-ray structure The cytoplasmic surface of molecules in the density map, at the level of helix 8, is very similar to ground-state rhodopsin ( Figure 3A) . Meta I formation therefore does not involve large conformational changes at the cytoplasmic surface. Cytoplasmic loop 1, connecting helices 1 and 2, is in the same position as in the crystal structures of the ground state.
Cytoplasmic loop 2, connecting helices 3 and 4, has changed orientation compared to that in the P3 1 crystal structure and lies closer to the position in molecule A of the P4 1 structures ( Figure 3A ). This is most likely due to the different packing in 2D and 3D crystals: the orientation of the loop in the P3 1 structure leads to a clash with residues at the amino-terminal end of helix 1 of the next molecule in the p22 1 2 1 2D crystal. Cytoplasmic loop 2 may have some intrinsic mobility, which may be relevant to its interaction with transducin following meta II formation (Franke et al, 1990 (Franke et al, , 1992 . Indeed, altered mobility of this loop following formation of meta II has been detected in time-resolved fluorescence depolarisation experiments (Mielke et al, 2002a) . The L-shaped appearance of cytoplasmic loop 2 is conserved between the X-ray structures and the 2D crystal, suggesting that mobility is confined to the ends of helices 3 and 4, which may act like hinges (Li et al, in press).
Helix 6 in the density map extends from the membrane surface at the cytoplasmic side ( Figures 3B and 5) , as seen in the P3 1 and P4 1 crystal structures. Experimental evidence suggests that meta II formation is accompanied by movement of helix 6 (Hubbell et al, 2003) , and it is likely that movement of the cytoplasmic extension of helix 6 is involved in transducin binding and activation. The P3 1 crystal structure shows that helical periodicity continues into cytoplasmic loop 3, which links helices 5 and 6, in agreement with spin-labelling studies (Altenbach et al, 1996) . The end of helix 5 and the position of cytoplasmic loop 3 are considerably different in the P3 1 and P4 1 crystal structures. We do not see continuous density for cytoplasmic loop 3 ( Figure 3A) ; however, the density is fully consistent with the position and temperature factors of helices 5 and 6, and cytoplasmic loop 3 in the P3 1 crystal structure. Indeed, the position of cytoplasmic loop 3 in the P4 1 structures would lead to a steric clash with residues at the extracellular side of helix 4 of the neighbouring molecule in the 2D crystal.
The density map shows that meta I formation is not accompanied by large movement of helix 8 (Figure 3) , which also interacts with transducin (Ernst et al, 2000; Marin et al, 2000) and is thought to move during meta II formation (Fritze et al, 2003) . A density feature close to the position of Thr242 is attributed to part of the C-terminus, in agreement with a cysteine mutagenesis study (Cai et al, 1997) , but in contrast to the position of the C-terminus in the P4 1 crystal structures.
The fit of the ground-state structure to the density map reveals that there are no rigid-body motions of entire helices of greater than 2 Å following meta I formation ( Figure 5 ). The density map shows that kinks in helices 2, 6 and 7, and the link between helices 7 and 8, follow the ground-state structure very well. The conformational change therefore does not involve large rotations of these helices, or a movement perpendicular to the membrane plane. There are density bulges close to the positions of all five of the bulky trypto- phan residues in the ground-state structure (Figure 6 ). Of these, Trp35 is located at the extracellular end of helix 1, Trp126 lies near the middle of helix 3, Trp161 lies near the middle of helix 4 and Trp175 lies in extracellular loop 2, close to the extracellular end of helix 4. Since these residues have associated density features in the map, it is possible to rule out large rotations of helices 1, 3 and 4.
Meta I formation therefore involves localised changes in specific regions of rhodopsin. Since the map is of a photostationary state (60-70% meta I), the magnitude of these localised changes is slightly reduced. Sections through the density map, parallel to the membrane plane, reveal further information about the nature of these localised changes ( Figure 5A-C) . Looking along the helix bundle, just below the position of helix 8, the density fits the Ca trace of the ground-state structure closely ( Figure 5A) . Just above the retinal chromophore, we detect a small misfit between the density and the ground-state structure: close to the kink in helix 6 ( Figure 5B ). There is a density bulge in the middle of helix 6, on the side facing the b-ionone ring, which lies close to the ground-state position of Trp265. This density feature significantly deviates from the position of Trp265 in the ground-state structures, suggesting the possibility of movement of Trp265 (Figure 6 ). The kink in the helix in this region, and hydrogen bonds from Cys264, Tyr268 and Pro291 to a water molecule (Okada et al, 2002; Li et al, in press ), might allow a localised rearrangement of this part of the helix, without moving the distal ends. We attribute this Figure 6 Density features in the density map around the positions of tryptophan residues known from the ground-state rhodopsin structure. Helices are numbered, the red density is contoured at 3.2s and the blue density is contoured at the 0.6s level. movement to meta I formation, although there is some contribution from cis photoproducts to the photostationary state. For other transmembrane helices, the density fits the ground-state structure very closely, looking along the helix axes.
Density for transmembrane helices close to the extracellular plug region fits the ground-state structure well ( Figure 5C ). There is density associated with some parts of the extracellular plug, although the b sheets are not resolved, which indicates that the plug has not changed position significantly.
Correlation of the present structural analysis of meta I with previous studies Electron paramagnetic resonance spectroscopy of site-directed rhodopsin mutants has shown that no light-induced changes are observed following meta I formation when spin labels are introduced at Cys140 (cytoplasmic end of helix 3) and Cys316 (helix 8) (Resek et al, 1993) . This agrees with the present study ( Figure 3A) .
Photoaffinity labelling studies have suggested that photoisomerisation of rhodopsin involves significant movement of helices 3 and 4, coupled with movement of the chromophore out of the binding pocket and conformational changes to cytoplasmic loops 2 and 3, by the lumi stage (Borhan et al, 2000) . In contrast, we see no gross changes in the structure of rhodopsin at the meta I state. Therefore, it is unlikely that there were any major movements of helices in the previously formed lumi state. This is consistent with small volume changes upon lumi formation detected by photoacoustic calorimetry (Marr and Peters, 1991) . It has been suggested that steric hindrance displaces the ring of the photoaffinitylabelled retinal used by Borhan and colleagues in the ground state, and may force different conformational changes during photoactivation (Spooner et al, 2003) . Furthermore, the small conformational changes revealed here agree with the conclusions of a study of the thermodynamic properties of lumi, meta I and meta II (Imai et al, 1994) .
A density bulge hanging off helix 3, close to the density for Trp265, is likely to be due to the b-ionone ring, since there are no bulky aromatic residues close to this feature (Figure 7) . Density in a similar region was found in the ground-state structure determined by electron cryomicroscopy (Krebs et al, 2003) . This suggests that in meta I the b-ionone ring lies close to its position in the ground state. Our result is in agreement with solid-state NMR analysis of the conformation of the bionone ring of the chromophore in the ground and meta I states (Spooner et al, 2003) . This work has shown that the chromophore is retained within its binding pocket at the meta I stage, and that the b-ionone ring on average remains in its ground-state position.
Time-resolved UV resonance Raman studies of early rhodopsin photointermediates have detected spectroscopic changes due to tryptophan residue(s) in photorhodopsin, followed by changes to tryptophan and tyrosine residues in batho (Kim et al, 2003) . From analysis of X-ray structures of the ground state, the authors suggest that Trp265 and Tyr268 are involved in these changes. Movement of Trp265 is consistent with UV/visible spectoscopic analysis of site-directed rhodopsin mutants, showing that Trp126 and Trp265 undergo conformational changes following meta II formation (Lin and Sakmar, 1996) . Earlier UV resonance Raman spectroscopy studies detected absorption shifts of tyrosine residue(s), and weaker changes possibly attributable to tryptophan(s) (Kochendoerfer et al, 1997) . Spectral changes to tryptophan residues would be in agreement with the small movement of Trp265 revealed by the density map.
FTIR difference spectroscopy of site-directed mutants of rhodopsin have shown that Glu122, on helix 3, changes its environment, becoming more strongly hydrogen-bonded in meta I (Beck et al, 1998) . Our studies suggest that this could be due to a localised change to this part of helix 3, or to a small movement of the b-ionone ring.
A counterion switch is proposed to occur during the transition to meta I by transfer of a proton from Glu181 to Glu113 via a hydrogen-bonding network, accompanied by modest conformational changes involving extracellular loop 2 and helix 3 (Yan et al, 2003) . The density map shows that changes to helix 3 involve only amino-acid side-chain rearrangements. Our data do not support the magnitude of conformational changes proposed by Yan and colleagues. However, the small conformational change that we detect in helix 6 may be linked to the counterion switch. Although the resolution of the current map is not sufficient to see density for the side chain of Tyr268, it lies close to the region of misfit between the density map and ground-state structure. X-ray structures of ground-state rhodopsin reveal that Tyr268 forms hydrogen bonds to Glu181 (Li et al, in press). A localised movement around Trp265 could free Tyr268, disrupting this hydrogen bonding, allowing the side chain of Glu181 to move closer to the Schiff base and adopt its proposed role as counterion in meta I.
Conclusions
The present work shows that meta I formation involves no large (rigid-body) movements or rotations of helices from their position in the ground state. Instead, changes seem to be localised, probably involving movement of side chains in kinked regions of helices close to the retinal-binding pocket, such as Trp265. The observed small changes could account for spectroscopic changes known to accompany meta I formation. The larger movements of helices that characterise meta II formation (Hubbell et al, 2003) are not initiated at the early photointermediate stage, but occur during the transition from meta I to meta II.
Materials and methods
2D crystallisation, spectroscopy and trapping of meta I 2D crystallisation was performed as described previously (Krebs et al, 1998; Mielke et al, 2002b) , with detergent-solubilised rhodopsin being incubated with a 10:1 (mol/mol) ratio of cholesterol to rhodopsin prior to dialysis. UV/visible spectra of 2D crystal suspensions were recorded on a Shimadzu UV-2401PC spectrophotometer equipped with an integrating sphere (to reduce the effect of light scattering by the turbid samples) and temperaturecontrolled cell holders. The following procedure describes the trapping protocol for meta I. A suspension of rhodopsin 2D crystals in dialysis buffer (c rhodopsin ¼ 0.5 mg/ml) was equilibrated in a photometer cell (optical pathlength 0.1 cm) on ice in the dark (temperature 0.1-31C). All spectra were recorded at 21C. After recording a spectrum in the dark, the sample was illuminated on ice for 1 min using a 150 W halogen lamp (Stocker & Yale Inc., Model 20) attached to a glass fibre optic. The excitation wavelength was selected by a cutoff filter (OG515, Schott) placed between the lamp and fibre optic. Immediately after illumination, another spectrum was recorded. The sample was then kept on ice. Grids were prepared using a Gatan Cryoplunge device, specially modified to have a temperature-and humidity-controlled chamber for holding the grids. In the dark, a small aliquot (3 ml) of sample was put on a carbon-coated and freshly glow-discharged molybdenum electron microscopy grid (Pacific Grid-Tech, San Diego, CA) held at 1-21C and greater than 70% relative humidity. After 2 min, excess liquid was blotted for 20 s within the humidity chamber and the grid was rapidly frozen in liquid nitrogen-cooled liquid ethane. After the last grid was frozen, a control spectrum was taken. A further spectrum was recorded after acid denaturation with H 2 SO 4 until a pH between 1.7 and 3.0 was reached. All subsequent grid manipulations were performed at liquid nitrogen temperatures. FTIR difference spectra were recorded as described by Vogel et al (2004) .
Analysis of the photostationary state
Contributions of ground-state 11-cis rhodopsin and 9-cis isorhodopsin to the photostationary state were determined following a method similar to that of Lewis et al (1997) and Vogel et al (2003) . Samples of 2D crystals were illuminated under the conditions used to trap meta I. Hydroxylamine and lauryl dimethylamineoxide (LDAO) were then added to the samples (to final concentrations of 20 mM and 0.1%, respectively), allowing hydroxylamine-sensitive photoproducts to bleach chemically. Spectra showed that the reaction was complete after 2 min. The amount of residual hydroxylamine-stable pigment (a mixture of 9-cis isorhodopsin and 11-cis rhodopsin) was determined by illuminating the sample for 3 min (OG515 cutoff filter), now in the presence of hydroxylamine, which completely bleaches rhodopsin molecules left with cis chromophores after the first illumination. These experiments show that the photostationary state is composed of 60-70% meta I and 30-40% of a mixture of 9-cis isorhodopsin and some 11-cis (ground state).
Cryoelectron microscopy and image processing
Images were taken at liquid nitrogen temperature using an FEI Tecnai F30 300 kV field emission gun microscope and a GATAN cold stage (Gatan Ltd, Corby, UK). Electron micrographs were recorded under low-dose conditions (10-15 electrons/Å 2 ) at Â 58 000 magnification using spot-scan illumination and a 20 mm C2 condenser aperture (Bullough and Henderson, 1987) . Micrographs were recorded on Kodak SO-163 film and developed in full-strength D19 developer for 12 min at 201C. Optical diffraction was used to select negatives showing good crystalline areas, and these were scanned using a Zeiss SCAI densitometer with a step size of 7 mm. The MRC image processing software was used to extract amplitude and phase information from each image (Henderson et al, 1986; Crowther et al, 1996) . Lattice distortions were removed using an iterative three-step unbending procedure (Havelka et al, 1995) . Phases were corrected for effects of the contrast transfer function against the Thon-rings of the micrographs (program CTFFIND2). For images taken at low tilt angles (0 and 201), tilt angle and tilt axis parameters were determined from the defocus values at the corners and centre of the image, using a program (LOWTILT) written by one of us (JJR). For images taken at higher tilt angles, tilt axis and tilt angle parameters could be reliably determined from the lattice parameters (program EMTILT) (Shaw and Hills, 1981) . At this stage, images taken at tilt angles of 201 and higher were reprocessed to correct for the gradient of defocus across the image (program TTBOXK) (Henderson et al, 1990) . The defocus parameters for TTBOXK were refined by altering the defocus in step sizes of 100 Å , assuming no astigmatism, and comparing the number of spots extracted from the image and the spot quality. For most images, running TTBOXK led to an improvement in the number of spots extracted from the image, and an improved spot quality, compared to using MMBOXA.
To combine data from each image, cycles of merging and origin refinement were combined with cycles of tilt axis and tilt angle refinement (program ORIGTILTK). Amplitudes were scaled (program SCALIMAMP3D) using bacteriorhodopsin as a reference to restore resolution-dependent fall-off of image-derived amplitudes (Havelka et al, 1995; Unger and Schertler, 1995) . Lattice lines were fitted to the continuous amplitude and phase data using LATLINEK. The lattice lines were sampled at 0.005 Å À1 intervals, and the resulting structure factors were used to calculate density maps using the CCP4 crystallographic program FFTBIG (Collaborative Computational Project, Number 4, 1994) .
Fitting of the ground-state X-ray structure into the meta I density map The 3D density map was displayed and analysed using the program O (Jones et al, 1991) . The X-ray structure of bovine rhodopsin in the ground state (PDB accession code 1GZM) (Li et al, in press) was fitted into the meta I map by hand followed by rigid-body refinement using the RSR_rigid option in O. We fitted molecule B from the X-ray structure, including the one N-acetyl glucosamine group on Asn2 and Asn15, but removing all of the following groups: palmitoyl, b-D-mannose, LDAO, C 8 E 4 and water molecules. The rigid-body refinement clearly converged to a single solution, even from slightly different starting positions. A PDB file for cholesterol was obtained from the HIC-Up database (originally from pdb1lri.-ent), and edited to remove the hydrocarbon side chain. The cholesterol molecule was fitted into a strong density feature in the map by rigid-body refinement in O.
The density map has been deposited in the EMD database under accession code EMD-1079.
